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Abstract

The Hawaiian Islands contain more than two-thirds of the life zones delineated by Holdridge, L.R., 1947. Determination of world

plant formations from simple climate data. Science, 105, 367–368, and is thus an ideal testing ground for remote sensing studies of

ecosystem function and structure. We tested the generality of imaging spectroscopy with ‘‘tied’’ red-edge and shortwave-infrared (RE-

SWIR2) spectral mixture modeling for automated analysis of the lateral distribution of plant tissues and bare substrate across diverse

bioclimatic gradients in Hawai’i. Unique quantities of the fractional cover of photosynthetic and non-photosynthetic vegetation (PV,

NPV) and bare substrate identified fundamental differences in ecosystem structure across life zones. There was a ¨20-fold increase in

fractional PV cover with a 10-fold increase in mean annual precipitation (�250–2000 mm year�1). This rate of increase diminished

from 2000 to 3000 mm year�1 of rainfall, suggesting that photosynthetic canopy cover may be limited by water saturation at 3000

mm year�1. The amount of exposed surface senescent material (NPV) remained nearly constant at ¨50% in ecosystems with a mean

annual precipitation <1500 mm year�1. Thereafter, NPV steadily declined to a minimum of ¨20% at 3000 mm year�1 of rainfall.

Bare substrate fractions were highest (¨50%) at precipitation levels <750 mm year�1, then declined to <20% in the 750–1000 mm

year�1 zones. The combination of low bare substrate and high NPV cover in the 750–1000 mm year�1 rainfall zones identified these

areas as high fire risk. Remotely sensed fractional cover of PV+NPV was poorly correlated with canopy leaf area index (LAI),

showing the uniqueness of the lateral structural measurement afforded by automated RE-SWIR2 spectroscopy approaches. The results

indicate the accuracy, precision and applicability of imaging spectroscopy for ecological research across a wide range of bioclimatic

conditions.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The Hawaiian Archipelago contains volcanic terrain

features that result in an unusual diversity of environ-

mental conditions, with rainfall gradients spanning ¨180–

11,000 mm and mean annual temperatures ranging from

¨5 to 27 -C (Armstrong, 1983; Giambelluca et al., 1986).

An enormous range of ecological conditions occurs along
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these gradients. Of the Hawaiian Islands, the ‘‘Big Island’’

of Hawai’i alone contains 25 of the 35 the global life

zones delineated by Holdridge (1947) (Fig. 1). Humid

rain forest, mesic woodlands and shrublands, arid grass-

lands, and alpine tundra are common along elevational

gradients on five volcanoes. These life zones are

dissected by a mosaic of lava flows of differing ages,

which define stages of soil and ecosystem development

(Vitousek et al., 1992). Hawai’i also contains an

expanding mosaic of invasive plants in many of the

native ecosystems that span these environmental gra-
ent 96 (2005) 497 – 508



Fig. 1. Holdridge (1947) life zone map of Hawai’i with field sites shown in orange triangles. Geographic coverage of AVIRIS imaging spectrometer

observations is shown in red boxes.
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dients. This combination of varying bioclimatic, edaphic

and taxonomic factors provides an environmentally

diverse setting to develop remote sensing theories and

methods pertaining to ecosystem structure, function and

disturbance.

Optical remote sensing is central to regional and global

analyses of vegetation physiological properties and land

cover. Remote sensing of physiology focuses on functional

attributes of vegetation such as fractional photosynthetically

active radiation absorption (Field et al., 1995; Sellers,

1985). This type of remote sensing often employs multi-

spectral vegetation indices, including the normalized differ-

ence vegetation index (NDVI), as spatial and temporal

indicators of physiological properties. Multi-spectral remote

sensing is also commonly used with statistical classification

approaches to estimate the extent of land covers such as

forest, grassland, and urban areas (review by Franklin &

Wulder, 2002).

In comparison to physiological and land cover appli-

cations, a less common but growing area in remote

sensing is that of ecosystem structural analysis. Remote

sensing of ecosystem structure is the study of the spatial

distribution of biological materials in three-dimensional

space. It is not a wholly new practice; aerial photography

has been widely used to estimate the abundance and

spatial density of trees, two important components of

ecosystem structure.
Some new structural remote sensing technologies, such

as laser detection and ranging (LIDAR; Lefsky et al.,

1999) and interferometric synthetic aperture radar

(InSAR; Treuhaft & Siqueira, 2000), measure the vertical

distribution of foliage. However, another important

ecosystem structural measure is the lateral surface

configuration of biological materials. The surface hetero-

geneity of live, senescent and detrital materials indicates

the partitioning of many biogeochemical processes such

as the fixation, decomposition, and storage of carbon

(Aber & Melillo, 1991; Schlesinger, 1991). Imaging

spectroscopy is not often considered a structural remote

sensing technology, but recent advances in signal

processing have isolated the fractional cover of biological

materials while minimizing effects that cause other

remote sensing techniques to be simultaneously sensitive

to cover and volume (Asner & Lobell, 2000). Imaging

spectroscopy may be an approach for measuring the

lateral distribution of these materials on an automated

basis (Asner & Heidebrecht, 2002), yet no multi-biome

characterization studies have been performed because the

appropriate technology is primarily aircraft-based and

thus difficult to apply over large regions.

The Island of Hawai’i provides a unique opportunity to

test remote sensing measurements of ecosystem structure

across a significant range of vegetation types and

environmental conditions. We present the first large-scale,



Table 1

Imaging spectrometer observations throughout Hawai’i, summarized by

Holdridge life zone and mean annual precipitation zone

AVIRIS

flight line

Total

area

(km2)

Holdridge life zone (% of area) Precipitation

zones (mm)

(% of area)

B02 107 Lower montane wet forest (21%) 1500 (31%)

Lower montane moist forest (60%) 2000 (51%)

Lower montane dry forest (1%) �3000 (18%)

Montane wet woodland/forest

(13%)

Montane moist woodland/forest

(6%)

B03 205 Sub-tropical moist forest (2%) <500 (32%)
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high spatial resolution experiment designed to evaluate

how well imaging spectroscopy can measure the lateral

component of ecosystem structure across bioclimatic

gradients available throughout Hawai’i. As well, we used

the remote sensing observations to study climate controls

over fractional material cover, as baseline indicators of

ecosystem conditions in Hawai’i. In doing so, we tested

the efficacy of a fully automated approach for quantifying

the lateral or fractional cover of live and senescent or

dead plant tissues—measures considered central to land-

scape, regional and global studies of ecosystem structure

and disturbance.
Sub-tropical dry forest (5%) 500 (43%)

Lower montane moist forest (10%) 750 (17%)

Lower montane dry forest (48%) 1000 (8%)

Lower montane thorn steppe

(20%)

Montane moist woodland/forest

(7%)

Montane steppe (6%)

B05, B06 286 Lower montane moist forest (1%) <500 (70%)

Lower montane dry forest (31%) 500 (30%)

Lower montane thorn steppe

(31%)

Montane moist woodland/forest

(9%)

Montane steppe (26%)

Sub-alpine moist forest (3%)

B07 43 Sub-tropical wet forest (3%) 1000 (41%)

Sub-tropical moist forest (82%) 1500 (59%)

Lower montane moist forest (16%)

B08 141 Sub-tropical wet forest (1%) 1000 (100%)

Sub-tropical moist forest (52%)

Lower montane moist forest (48%)

B09, B10,

B11

331 Tropical thorn forest (11%) �250 (16%)

Tropical desert bush (5%) 500 (60%)

Sub-tropical moist forest (7%) 750 (15%)

Sub-tropical dry forest (59%) 1000 (9%)

Sub-tropical thorn forest (3%)

Lower montane moist forest (3%)

Lower montane dry forest (12%)

A02 96 Tropical dry forest (2%) 500 (6%)

Tropical thorn forest (4%) 750 (39%)

Sub-tropical moist forest (22%) 1000 (34%)

Sub-tropical dry forest (50%) 1500 (21%)

Sub-tropical thorn forest (20%)

Lower montane moist forest (2%)

A03 61 Lower montane rain forest

(100%)

2000 (38%)

�3000 (62%)

A05 67 Montane wet forest (100%) 2000 (81%)

�3000 (19%)

A19 108 Montane wet forest (64%) 2000 (19%)

Montane rain forest (36%) �3000 (81%)

TOTAL 1445

AVIRIS flight lines are shown on Figs. 1 and 2.
2. Methods

2.1. Remote sensing data

Imaging spectroscopy is the measurement of solar

radiation reflected from the Earth’s surface in contiguous,

narrow spectral channels spanning the wavelength region

from 0.4 to 2.5 Am. The NASA Airborne Visible and

Infrared Imaging Spectrometer (AVIRIS; Green et al.,

1998) was recently upgraded and is one of the few high

performance imaging spectrometers available to the

scientific community. AVIRIS acquires optical radiance

data in 224 optical channels ranging from 0.38 to 2.5 Am
with a nominal 10 nm sampling (full-width at half

maximum). In October and November of 2001, AVIRIS

data were collected over Hawai’i by an ER-2 (U-2)

aircraft modified to fly at an altitude of ¨10 km above

sea level. Surface elevations within AVIRIS flight lines

ranged from 0 to 2200 m, resulting in ground instanta-

neous field of view (pixels) ranging from 7.8 to 10.0 m.

The total area imaged in this study was 1445 km2 in 13

AVIRIS flight lines and more than 17.8 million spectral

measurements (Table 1). We imaged 16 of the 25

Holdridge life zones found on the island, which spanned

a mean annual precipitation range of �250 to �3000 mm

(Fig. 2). Flight lines were oriented for best coverage of

tropical forest, woodland, savanna, shrubland and grass-

land (Table 1).

The aircraft global positioning system (GPS) provided a

preliminary geo-correction of the AVIRIS data. Further

geo-rectification was performed using USGS digital

orthophotoquad maps and geographic information system

(GIS) coverages provided by the State of Hawai’i (http://

www.state.hi.us). The undulating terrain introduced non-

linear effects on the geometric quality of the data. These

effects were compensated for by non-linear rubber sheeting

of the imagery to reference GIS layers (Wiemker et al.,

1996). The AVIRIS data were corrected to apparent surface

reflectance to minimize the effects of water vapor and

other atmospheric constituents. This step was performed

using the ACORN code (ImSpec LLC, Palmdale, CA),

which uses MODTRAN-4 radiative transfer modeling to
estimate water vapor on a pixel-by-pixel basis. The

wavelength regions used for water vapor retrieval were

centered on the 940 and 1130 nm features, and a typical

humid tropical atmosphere was selected for the MOD-

TRAN simulation. No ground targets were used for image

calibration.

http://www.state.hi.us


Fig. 2. Mean annual precipitation throughout the Island of Hawai’i with field sites shown in green triangles. Geographic coverage of AVIRIS imaging

spectrometer observations is shown in red boxes.
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2.2. Fractional cover analysis

The fractional cover of three dominant surface materials

found in ecosystems – photosynthetic vegetation (PV),

non-photosynthetic vegetation (NPV), and bare substrate –

was quantified in each AVIRIS image pixel using a fully
Fig. 3. Schematic of automated Monte Carlo unmixing (AutoMCU) algorithm u

AVIRIS pixel forms an observation vector (top right). Field-based hyperspectral

vegetation (NPV) and bare substrate are inputs to the model (top left). Random se

each AVIRIS pixel using Eq. (1). The procedure is repeated until a stable mean a
automated spectral unmixing algorithm designed for use

with high-fidelity imaging spectrometer observations (Fig.

3). PV is comprised of live green foliage; NPV is a

combination of surface litter, standing senescent material

and woody surfaces exposed to the field-of-view of the

imager. Bare substrate is a third surface constituent
sed to analyze imaging spectroscopy data (Asner & Lobell, 2000). Each

reflectance bundles of photosynthetic vegetation (PV), non-photosynthetic

lections of these spectral endmembers (qpv, qnpv, qs) are used to decompose

nd standard deviation is achieved for each surface constituent.



Fig. 4. Full-range reflectance spectra of photosynthetic vegetation – PV,

non-photosynthetic vegetation – NPV, and bare substrate compiled from

sites in North America, South America and Hawai’i.
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representing bare soil, ash, and lava. Each of these

component endmembers contributes to the pixel-level

AVIRIS reflectance (q(k)pixel):

q kð Þpixel ¼
Xn

e¼1

CeIqe kð Þ½ �

¼ CpvIqpv kð Þ þ CnpvIqnpv kð Þ þ CsIqs kð Þ
� �

þ e kð Þ
Xn

e¼1

Ce½ � ¼ 1 ð1Þ

where qe(k) is the reflectance of each land cover

endmember e at wavelength k, C is the fraction of the

pixel composed of e, and e(k) is the error of the solution at

wavelength k. The second equation indicates that the

endmembers are forced to sum to unity.

Linear spectral mixture analysis is not new; previous

efforts have proven the value of the approach in quantifying

the fractional cover of vegetation types in ecosystems (e.g.,

Adams et al., 1993; Roberts et al., 1993). To date, most

linear mixture modeling approaches have been manually

executed, as spectral endmembers (qe(k)) are selected to

maximize the separation of spectrally-distinct species or

materials (e.g., Bateson & Curtiss, 1996). However, manual

mixture analyses are limited in their generality for large-

scale, high-spatial resolution studies requiring automated

techniques. For this reason, spectral mixture analysis has not

often been used beyond the geographic scale of landscapes

or small regions. Moreover, previous mixture modeling

approaches with imaging spectrometer data use the full (or

nearly full) reflectance spectrum. Linear mixture models

using standard reflectance data (be it hyperspectral or multi-

spectral) under-determine fractional cover since multiple

scattering also contributes to the measured reflectance

spectrum. As such, these approaches cannot separate the

effects of changes fractional cover from that of changing

canopy volume or leaf area index (LAI) (Carlson and

Ripley, 1997).

For automated spectral mixture analysis of the fractional

cover of biological materials, successful use of Eq. (1)

requires that endmember signatures (qe(k)) be general in

spectral information content, yet spectrally unique and

highly repeatable. They must be mostly sensitive to changes

in the lateral fractional cover of the materials, and less

sensitive to changes in species composition, canopy leaf

area index (LAI), and biomass. Insufficient spectral sepa-

rability between endmembers, or high endmember varia-

bility caused by changes in leaf chemistry or leaf volume,

results in inaccurate measurements of surface cover frac-

tions (Ce). Asner (1998) quantified the spectral separability

and variability of PV, NPVand bare soil across a wide range

of species, growthforms, biochemistries, and geochemistries

in arid, mesic and humid ecosystems. The study suggested

that the shortwave-infrared region between 2.0 and 2.4 Am
(known as the ‘‘SWIR2’’) is spectrally the most consistent

for defining PV, NPV and bare soil covers. By anchoring or

tying the SWIR2 spectra at a starting point of ¨2.0 Am,
spectral variability is greatly reduced within each endmem-

ber while maintaining their inherent spectral uniqueness.

These tied SWIR2 spectra were highly sensitive to small

variations in the sub-pixel fractional cover of PV, NPV and

bare soil in an arid ecosystem (Asner & Lobell, 2000).

However, it was later found that the atmospheric CO2

absorption near 2.05 Am led to uncertainty in the SWIR2

mixture modeling approach. In particular, sub-optimal

atmospheric correction for CO2 resulted in spectral con-

fusion of PV and NPV using the tied SWIR2 spectral region

alone. Asner and Heidebrecht (2002) addressed this issue by

adding 0.70–0.73 Am ‘‘red-edge (RE)’’ spectra to Eq. (1),

tying these spectra at 0.70 Am. Although the revised tied

RE-SWIR2 approach was found to be precise and accurate

for materials in arid grasslands and shrublands (Asner &

Heidebrecht, 2002), the generality of the method remained
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unknown. The present study is thus designed to utilize the

diverse bioclimatic gradients in Hawai’i to assess the value

of the tied RE-SWIR2 method for isolating the fractional

surface cover of biological and bare substrate materials.

For this study, endmember bundles for PV, NPVand bare

substrate (qpv(k), qnpv(k), qs(k)) were constructed from

general field spectral databases collected in ecosystems

throughout North and South America (Asner, 1998; Asner et

al., 2004) and Hawai’i (this study) (Fig. 4). The spectra were

tied at 0.70 Am for the red-edge and 2.03 Am for the SWIR2

portions of the spectrum to isolate the shapes of the PV,

NPV and bare substrate spectra (Fig. 5). All wavelength

values outside of the red-edge and SWIR2 range were

discarded. Variation in endmember reflectance spectra

necessary to model pixel reflectance was propagated to

the sub-pixel cover fraction estimates via a Monte Carlo
Fig. 5. Tied spectral endmember bundles used for the AutoMCU analysis. Panels

photosynthetic vegetation – NPV, and bare substrate. Panels D–F show tied SW
algorithm (Fig. 3). Endmember spectra were randomly

selected from each endmember bundle (Fig. 5) and surface

cover fractions were calculated (Eq. (1)); this was repeated

50 times to derive a distribution of fractions for each

endmember (Ce; Fig. 3).

2.3. Field studies

During and after the AVIRIS campaign, we conducted

field studies of surface properties including fractional PV,

NPV and bare substrate cover and LAI. The field studies

were distributed among areas of varying herbaceous and

woody cover, biomass and species composition. The

selected array of sites allowed us to validate the spectral

mixture modeling in grasslands, shrublands, savanna,

woodlands, and humid tropical forest.
A–C show tied red-edge spectra for photosynthetic vegetation – PV, non-

IR2 spectra.



Fig. 6. Example mosaics of 9
9 m AVIRIS results following AutoMCU

spectral mixture analysis. Color gradations of blue, green, and red indicate

fractional abundance of NPV, PV, and bare substrate, respectively.

Holdridge life zone boundaries and field sites (red triangles) are also

shown as examples.
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At each grassland, shrubland, and savanna field site, 8–

12 transects of 50 m length were selected in random

compass orientations. The fractional cover of PV and NPV

was determined using both line intercept and visible/near-

infrared digital photography. The line intercept method was

employed at 10 cm spatial resolution (Canfield, 1941), and

then aggregated to 9 m AVIRIS spatial sampling. The top-

of-canopy digital photography used an Agricultural Digital

Camera (Tetracam Inc., Chatsworth, CA) mounted 2.5 m

above the ground in the downward nadir-viewing position

from a portable boom, yielding an image field-of-view of

1.5
2.5 m and a spatial resolution of approximately 2 cm.

The camera uses visible and near-infrared filters to isolate

the fractional cover of PVand NPV, as described in detail by

White et al. (2000). Samples were collected every 5 m and

analyzed using the BRIV-32 fractional cover analysis

package (Tetracam Inc., Chatsworth, CA).

In woodland and forest ecosystems where canopy access

was limited from the ground, helicopter flights were

scheduled in the months to follow the AVIRIS data

acquisitions. At approximately 100 m above the top of the

canopy, the near-infrared digital camera with a zoom lens

was used to collect data in 15
25 m areas at a spatial

resolution of 4 cm. The data were analyzed for PV, NPVand

bare soil fractions using the BRIV-32 software package. All

field transects and helicopter-based digital image acquis-

itions were geo-located using a global positioning system

with post-processing differential correction.

LAI was measured every 5 m along the 50 m transects in

grasslands, shrublands, and savannas using a plant canopy

analyzer (LAI-2000, Licor, Inc.). LAI was also collected on

the ground at points in woodland and forest areas coincident

with helicopter-based photographs. Measurements were

collected under diffuse sky conditions, as required by the

instrument design (Welles & Norman, 1991). A one-quarter

optical block was used to remove the operator from the

instrument field-of-view.

2.4. Analysis by life zone

To combine and synthesize the average climatological

conditions of Hawai’i into biologically meaningful catego-

ries, we employed the life-zone equations of Holdridge

(1947). We obtained geographic information system (GIS)

coverages of elevation and mean annual precipitation from

the Hawai’i State government (http://www.state.hi.us). The

GIS elevation coverage was converted to an estimate of

mean annual temperature in the following way. Ocean

temperature around Hawai’i ranges from 23.3 to 26.7 -C
annually (www.nodc.noaa.gov). We used 25 -C as a mean

sea level temperature and a lapse rate for Hawai’i of 0.548

-C/100 m (Armstrong, 1983) to calculate isotherms from

elevation contours. We then grouped these isotherms by

Holdridge temperature ranges: 0–3 -C (alpine), 3–6 -C
(sub-alpine), 6–12 -C (montane), 12–18 -C (lower mon-

tane), 18–24 -C (sub-tropical), and >24 -C (tropical). The
derived GIS coverages of mean annual precipitation and

temperature were then intersected and used to create the life

zone classifications using the equations of Holdridge

(1947). The resulting map is shown in Fig. 1. The mean

and standard deviation of the remote sensing results (PV,

NPV, bare substrate) were calculated for all pixels falling

into a particular life zone throughout the AVIRIS image data

set (Table 1). We acknowledge the coarse nature of the

Holdridge Life Zone classification scheme, yet we found it

valuable as a general organization tool for the enormous

image data set collected in this study. A detailed study of

available vegetation maps did not produce a better organiza-

tional method. In fact, we are working on such a map

presently.
3. Results and discussion

3.1. Regional trends

Results for PV, NPV and bare substrate fractional cover

for two of the AVIRIS flight lines are shown in Fig. 6. The

results for the entire image set (Fig. 1) spanned the entire

range of possible values, from zero to full cover, and

http://www.state.hi.us
http:www.nodc.noaa.gov


Fig. 7. Field validation of remotely sensed (A) photosynthetic vegetation –

PV, (B) non-photosynthetic vegetation – NPV, and (C) bare substrate for

areas listed in Table 1 and shown in Fig. 1.
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displayed regional trends with topographic slope and aspect.

The lowest and highest elevations typically contained the

highest levels of exposed substrate (red tones, Fig. 6).

Highest elevations, such as on the upper slopes of Mauna

Kea (flightlines B02–B06) and Mauna Loa (B08), were

volcanic cone areas with little plant growth. Lowest

elevations on the leeward side of Kohala volcano (A02)

were arid ecosystems containing exposed soil and rock. In

flightline B07, recent lava flows from Kilauea volcano left

much of the imaged area in bare a’a and pahoehoe lava

fields. The lowest elevations in Pu’u Wa’awa’a Ranch

(B09–B11) were a combination of lava flow and a recent

grassland fire.

The highest PV fractions were often found at mid to

upper elevation, such as in the forests of Kohala (A02), Pu’u

Wa’awa’a (B09–B11) and HAVO (A05) (Figs. 1 and 6).

The mid-flank area of Mauna Loa (B08) also contained high

PV cover fractions indicative of tropical montane forest

woodlands. On the windward side of Mauna Kea (B02–

B03), lower elevations had the highest PV or forest cover

fractions. These were areas dominated by a mix of endemic

Metrosideros polymorpha and plantation (e.g., tropical ash)

forests.

Lower to mid-elevation zones of many AVIRIS flight-

lines were dominated by NPV cover (blue tones, e.g., Fig.

6). Field visits indicated that most NPV-dominated areas

were comprised of grass covers, which were usually

dominated by introduced species of African origin. These

‘‘NPV belts’’ are considered fire prone (D’Antonio &

Vitousek, 1992), and they are often adjacent to woodlands

containing many native species of high conservation value

(Hughes et al., 1991) (green tones, e.g., Fig. 6).

3.2. Field validation

RE-SWIR2 spectral mixture analysis showed excellent

quantitative performance across a large range of grassland,

shrubland, savanna, woodland and rain forest conditions

(Fig. 7). PV fractions were estimated with a precision (r2) of

0.93 (Fig. 7a), while NPV fractions were slightly less

precise at 0.89 (Fig. 7b) ( p <0.05). PV was underestimated

by ¨2% at very low levels and was over-estimated by up to

10% at the highest values. NPV was accurately estimated at

low values, but errors increased to a maximum of 13% at

high values. Bare substrate was well modeled, with an

r2=0.92 ( p <0.01).

The single largest source of error in the tied RE-SWIR2

unmixing approach is that of pronounced substrate chemical

variation, and this Hawai’i study spanned an enormous

range of substrate conditions, including bare a’a and

pahoehoe lava flows, volcanic ash, recently burned (black-

ened) soils, and oxic clays. Some inaccuracies could well be

due to variation in substrate types unaccounted for in the

endmember reflectance bundles (Fig. 5).

In addition to substrate-spectral reflectance uncertainties,

there were errors in comparing results from field and
remotely sensed measurements. Asner and Heidebrecht

(2003) found that image-to-field colocation errors alone

accounted for nearly 20% of the total uncertainty in

remotely sensed PV and NPV results. These errors would

thus account for all of the uncertainty in the Hawai’i study.

Nonetheless, these validation studies confirmed the efficacy

of tied RE-SWIR2 imaging spectroscopy an approach for

automated large-scale, high-resolution analysis of vegeta-

tion structure across a wide range of ecosystem types and

conditions.
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Given that lateral cover fractions can be remotely

quantified with reasonable precision and accuracy, it is

important to assess whether this measure is unique to

previously demonstrated remote sensing measures such as

leaf area index (LAI). LAI has been quantified for a

number of years using a wide variety of multi-spectral

sensors (e.g., Asrar et al., 1986; Myneni et al., 1997).

What does imaging spectroscopy offer in terms of

vegetation structural analyses that is different from LAI?

We used our network of field sites (Fig. 1) to ascertain

relationships between LAI and remotely sensed PV+NPV

from imaging spectroscopy. PV+NPV was poorly corre-

lated with LAI across the grassland, shrubland, savanna,

woodland and forest sites (r2=0.46, p >0.05; Fig. 8).

Breakdown of the data by ecosystem type or by remotely

sensed cover fraction (PV vs. NPV) yielded no substantial

change in this relationship (data not shown). The theory

behind tied RE-SWIR2 mixture modeling suggests that

this new measure should minimize contributions of

vertical structure and volumetric changes in leaf area,

isolating the horizontal or lateral structure (Asner &

Lobell, 2000). This comparison of the imaging spectro-

scopy results to field-based LAI measurements supports

the theoretical basis. Imaging spectroscopy, with tied

spectral mixture analysis, appears to isolate a unique

structural measure of vegetation.

3.3. Structure by life zone

Compilation of the AVIRIS results by Holdridge life

zone highlighted the basic structural differences between

systems (Fig. 9). Zones of highest photosynthetic vegetation

fractional cover were sub-tropical and lower montane wet

forests, with values of 65T11% (s.d.) and 45T2%,
Fig. 8. Relationship between remotely sensed PV+NPV and field-based leaf are

(Table 1), with highest values from woodlands and forests and lowest values from
respectively. Sub-tropical and lower montane moist forests

had similar PV values averaging 36T10% and 34T12%,

respectively. PV ranges were much lower in montane wet

and moist woodland/forest zones (10–22%), and less than

10% in dry forest, thorn, steppe, and desert zones through-

out the image data set. Sub-alpine/alpine zones contained no

detectable PV cover. Trends in bare substrate cover among

life zones were nearly opposite to those of PV cover, with

the lowest values in wet forests (23–28%) and increasing to

100% in sub-alpine/alpine systems (Fig. 9).

The fractional cover of non-photosynthetic vegetation,

which is comprised of senescent herbaceous and exposed

woody stem material, peaked in sub-tropical dry and thorn

forest and lower montane thorn steppe life zones (Fig. 9).

The sub-tropical systems had particularly had high NPV

cover with relatively low bare substrate exposure, suggest-

ing that these systems are the most fire prone (sensu

D’Antonio & Vitousek, 1992; Hughes & Vitousek, 1993).

In contrast, upper montane moist and wet forests had

relatively high NPV cover values (30–42%), but high bare

substrate fractions in the range of 37–58%. As indicated,

PV cover was low – averaging 10–22%. Together, these

cover fraction results showed that these high-altitude forests

have an open, depauperate structure at canopy and regional

scales.

These results show that high-fidelity RE-SWIR2 obser-

vations provide detailed information on the structure and

lateral heterogeneity of diverse ecosystems. Fuel loads, as

represented by NPV cover fractions, vary considerably

among life zones from about 0% to 80%. Fractional PV

cover ranges from zero to nearly 100%. From an ecosystem

structural point of view provided by imaging spectroscopy,

the Big Island of Hawai’i indeed contains an enormous

range of conditions.
a index (LAI) measurements. Symbols represent different ecosystem types

burned grassland and open shrubland.



Fig. 9. Remotely sensed fractional cover of PV, NPVand bare substrate by Holdridge life zone. Mean fractional cover is given with error bars showing standard

deviation for all AVIRIS pixels in each life zone (as per Table 1).
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3.4. Precipitation effects

The regional map of mean annual precipitation (MAP;

Fig. 2) was combined with the AVIRIS results to quantify

changes in the material composition of ecosystems by

rainfall regime (Fig. 10). We found a near-linear 18-fold

increase in photosynthetic vegetation fractional cover, as

MAP increased from �250 mm (3.5T1.5%) to 2000 mm

(64.5T7.8%). PV cover then declined by 15% from 2000 to

3000 mm MAP. This result suggests that plant growth is not
Fig. 10. Remotely sensed fractional cover of PV, NPV and bare substrate by me

AVIRIS pixels (as per Table 1).
limited by water above 2000 mm year�1 rainfall, and it may

in fact be limited by water saturation well below reaching

3000 mm year�1 (Schuur et al., 2001).

Bare substrate fractional cover decreased precipitously

from 50.5T6.7% at �250 mm MAP to 15.6T5.1% at 1000

mm (Fig. 10). This ¨230% decrease was nearly the inverse

of the observed PV increase up to 1000 mm MAP. Annual

precipitation values above 1000 mm did not result in further

declines in bare substrate cover, even at the highest rainfall

regime of 3000 mm year�1, where the project-wide
an annual precipitation. Means and standard deviations are shown for all
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minimum values were estimated at 11.6T6.1%. Narrow

standard error values of 5–7% throughout the precipitation

gradient suggest that bare substrate cover variations are

weakly determined by vegetation class or land use in

Hawai’i. Instead the fraction of exposed soil is foremost

climatologically driven and secondarily affected by sub-

strate age (e.g., presence of bare lava flows). The role of

open lava fields in determining these relationships might

have been greater had we placed emphasis on this source of

variation in our remote sensing data collections.

Non-photosynthetic vegetation cover was fairly constant

(49–55%) in MAP regimes of �250–1000 mm (Fig. 10).

NPV declined from 49T8.3% at 1000 mm to 21.5T5.4% at

2000 mm MAP, a 67% average decrease with a doubling of

mean annual rainfall. There was no observed trade-off in

NPV cover with increasing PV or decreasing bare surface

cover at MAP values <1000 mm. NPV did decline in step

with increasing green canopy cover in the precipitation

range of 1500–2000 mm year�1. There was 20.5T6.8%
NPV cover even in the wettest regions of the image

collection; these areas were likely openings in the forest

canopy that exposed coarse woody debris, standing dead

material and/or patches of certain invasive grass species (see

previous section). Additional field studies are required to

evaluate the accuracy of these findings throughout areas of

high rainfall.

As an indicator of fire fuel load, NPV was consistently

high when MAP was less than 1500 mm. This range of

precipitation values dominated our image collection as it did

the entire island (Fig. 2). However, the efficiency of fire

spread declines when bare soil fractions increase, serving as

important fire breaks (Rollins et al., 2004). Bare substrate

cover averaged about 50% in the �250 mm rainfall zones

found at low elevation on leeward sides of the island’s

volcanoes (Fig. 10). However, at MAP values of 750–1000

mm year�1, bare substrate fractions were much lower (15–

26%) and NPV cover was high (49–55%). These areas are

likely the most fire prone and are therefore an important

focus for land managers.
4. Conclusions

The Hawaiian Islands contain more than two-thirds of the

global life zones delineated by Holdridge (1947). An

extraordinary combination of climatic and edaphic variation

combined with high biological diversity makes Hawai’i an

ideal testing ground for remote sensing studies of ecosystem

functioning structure and function.

We tested a fully automated approach for measuring the

lateral distribution of plant tissues and bare substrate using

high-fidelity imaging spectroscopy and tied shortwave-

infrared/red-edge spectral mixture analysis. The method

was applied across a wide range of ecological life zones,

gradients of mean annual precipitation from �250 to >3000

mm year�1, and substrate conditions from bare lava to
highly weathered soils. Our findings offer the following

conclusions and considerations:

& High-fidelity tied RE-SWIR2 spectroscopy with spectral

mixture analysis provides high precision estimates of

fractional live and senescent vegetation cover as well as

bare substrate cover. These estimates are accurate to

levels achieved using time-consuming field and helicop-

ter measurements.

& Remotely sensed fractional cover of photosynthetic and

non-photosynthetic vegetation (PV+NPV) is poorly

correlated with leaf area index across ecosystem types.

This supports the theory that spectral tying minimizes the

contribution of vertical structure and volumetric scatter-

ing in the measurement, allowing for the isolation of a

unique vegetation structural variable.

& The lateral configuration of biological materials is

measurably different across a wide range of life zones

in Hawai’i. Unique combinations of PV, NPV, and bare

substrate quantify fundamental differences in ecosystem

structure that serve as a basis for ecosystem monitoring

and analysis. These measurements are available at a scale

commensurate with field studies and land management

efforts.

& There is a near 20-fold increase in PV fractional cover

with a 10-fold increase in mean annual precipitation in

Hawai’i. This rate of increase asymptotes from 2000 to

3000 mm year�1 of rainfall, suggesting that plant growth

is not limited by water above 2000 mm year�1 and may

be limited by water saturation at 3000 mm year�1 or less

(Schuur et al., 2001).

& NPV fractional cover remains nearly constant at ~50% in

ecosystems with mean annual precipitation <1500 mm

year�1. Thereafter, it steadily declines to a minimum of

¨20% at 3000 mm year�1 of rainfall. Bare substrate

fractions are highest (¨50%) at precipitation levels <750

mm year�1, then decline to <20% in the 750–1000 mm

year�1 zones. The combination of low bare substrate and

high NPV cover in the 750–1000 mm year�1 rainfall

zones identifies these areas as high fire risk.

The results presented verify the general accuracy, precision

and applicability of high fidelity red-edge/shortwave-infra-

red imaging spectroscopy for ecosystem research on a

broader scale. This work also sets the framework for our

continued studies of ecosystem structure throughout the

Hawaiian Archipelago.
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